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❣❡%%!✳ ❊③ ❛③!+3 ✈❛♥ N❣②✱ ♠❡+3 ❛③♦❦❛3 ❛ ✈♦♥❛❧❛❦❛3 ❡❣② ♠J%✐❦ ❦♦♠♣♦♥❡♥% ✖
✐♦♥✐③J❧3 ❝%✐❧❧❛❣❦<③✐ ❣J③❢❡❧❤➤❦ ✖ ❜♦❝%J3❥❛ ❦✐✱ !% ❛③ ✐♦♥✐③J❝✐L ❢♦++J%❛✐ ♥❡♠
❢❡❧3!3❧❡♥Q❧ ❛ ❢♦++L ✜❛3❛❧ ❝%✐❧❧❛❣♦❦✱ ❤❛♥❡♠ ❧❡❤❡3%!❣❡%✱ ❤♦❣② ❡❣② ❛❦3N✈ ❣❛❧❛✲
①✐%♠❛❣ ✭❛❝3✐✈❡ ❣❛❧❛❝3✐❝ ♥✉❝❧❡✉%✱ ❆●◆✮✳ ❆ ♠❡❣✜❣②❡❧3✱ ❡♠✐%%③✐L% ✈♦♥❛❧❛❦❛3
3❛+3❛❧♠❛③L ❣❛❧❛①✐%♣♦♣✉❧J❝✐L❦♦♥ ❜❡❧Q❧✐ <%%③❡❢Q❣❣!%❡❦ 3❛♥✉❧♠J♥②♦③J%❛ ❧❡❤❡✲
3➤%!❣❡3 ❛❞ ❛ ♠♦❞❡❧❧❡❦ 3♦✈J❜❜❢❡❥❧❡%③3!%!+❡✱ ❤♦❣② ❥♦❜❜❛♥ +❡♣+❡③❡♥3J❧❥J❦ ❛
✈❛❧L%J❣♦3✱ ❛❦J+ 3♦✈J❜❜✐ %③❛❜❛❞ ♣❛+❛♠!3❡+❡❦ ❤♦③③J❛❞J%❛ ♥!❧❦Q❧ ✐%✳
❊!❡❞♠%♥②❡❦
❆ ❞♦❦3♦+✐ !+3❡❦❡③!% ❛ ❢❡♥3❡❜❜ ✈J③♦❧3 3❡+Q❧❡3❡❦❡♥ ✈!❣③❡33 ❦✉3❛3L♠✉♥❦J♠❛3
✐%♠❡+3❡3✐✱ ❢➤ 3!♠J✐ ❛③ ❡♠✐%%③✐L% ✈♦♥❛❧❛❦❛3 3❛+3❛❧♠❛③L ❣❛❧❛①✐%♦❦ ❡❧❡♠③!%❡
❣!♣✐ 3❛♥✉❧J%✐ ♠L❞%③❡+❡❦❦❡❧✱ ✐❧❧❡3✈❡ ❛ ❢♦3♦♠❡3+✐❦✉% ✈<+<%❡❧3♦❧L❞J%✲❜❡❝%❧!%✱
♠✐♥❞ ❡♠♣✐+✐❦✉%✱ ♠✐♥❞ ♣❡❞✐❣ %♣❡❦3+✉♠♠✐♥3❛✲❛❧❛♣M ♠❡❣❦<③❡❧N3!%%❡❧✳ ▼✉♥✲
❦J♠ %♦+J♥ ❡❧%➤%♦+❜❛♥ ❛③ ❙❉❙❙ %♣❡❦3+♦%③❦L♣✐❛✐ !% ❢♦3♦♠❡3+✐❛✐ ❣❛❧❛①✐%❦❛3❛❧L✲
❣✉%❛✐3 ❤❛%③♥J❧3❛♠✱ ♣♦♥3♦%❛❜❜❛♥ ❛ ✼✲❡% ❛❞❛3❦✐❛❞J%3 ✭❉❛3❛ ❘❡❧❡❛%❡ ✼✱ ❉❘✼✱
❆❜❛③❛❥✐❛♥ ❡3 ❛❧✳✱ ✷✵✵✾✮ !% ❛ ✶✷✲❡% ❛❞❛3❦✐❛❞J%3 ✭❉❛3❛ ❘❡❧❡❛%❡ ✶✷✱ ❉❘✶✷✱
❆❧❛♠ ❡3 ❛❧✳✱ ✷✵✶✺✮✳ ❆③ ❛❧J❜❜✐❛❦❜❛♥ ❢❡❧%♦+♦❧♦♠ ❛ 3!③✐%♣♦♥3❥❛✐♠❛3✿
✺
✶✳ ❆③ ❙❉❙❙ ❉❘✼✲❜➤❧ ,--③❡/❧❧01♦11❛♠ ❡❣② ❡♠✐--③✐8- ✈♦♥❛❧❛❦❛1 1❛<1❛❧✲
♠❛③8 ❣❛❧❛①✐-✲♠✐♥1❛❤❛❧♠❛③1✱ ♠❛❥❞ ❡③❡♥ ❛ ♠✐♥1/♥ ❛❧❦❛❧♠❛③1❛♠ ❛ ❦✲
❧❡❣❦,③❡❧❡❜❜✐ -③♦♠-③B❞ ♠8❞-③❡<❡♥ ❛❧❛♣✉❧8✱ ❧♦❦/❧✐- ❧✐♥❡/<✐- <❡❣<❡--③✐8
✭❧♦❝❛❧ ❧✐♥❡❛< <❡❣<❡--✐♦♥✱ ▲▲❘✮ ❡❧♥❡✈❡③B-➯ ❣B♣✐ 1❛♥✉❧/-✐ ♠8❞-③❡<1✱ ❡♠✲
♣✐<✐❦✉- ♠8❞♦♥ ❜❡❝-J❧✈❡ ❛③ ❡♠✐--③✐8- ✈♦♥❛❧❛❦ ❡❦✈✐✈❛❧❡♥- -③B❧❡--B❣B1
❝-✐❧❧❛❣❦♦♥1✐♥✉✉♠♦❦ ❛❧❛♣❥/♥ ✭❇❡❝❦ ❡1 ❛❧✳✱ ✷✵✶✻❛✮✳ ❆ ❜❡❝-❧B- ❦✐❡❧B❣01➤
♣♦♥1♦--/❣❣❛❧ ♠➯❦,❞,11 ✭σr ≈ 0.35 ❤✐❜❛ ❛ <❡❧❛10✈ ✢✉①✉-❜❛♥✮ ♠✐♥❞
❛ ❝-✐❧❧❛❣❦B♣③➤ ❣❛❧❛①✐-♦❦✱ ♠✐♥❞ ❛③ ❆●◆✲1 1❛<1❛❧♠❛③8 ❣❛❧❛①✐-♦❦ ❡-❡1B✲
❜❡♥✳ ❊③ ❛ ♠❡❣❦,③❡❧01B- ❧❡❤❡1➤✈B 1❡-③✐✱ ❤♦❣② ❡♠♣✐<✐❦✉- ♠8❞♦♥ ❛❞❥✉♥❦
❡♠✐--③✐8- ✈♦♥❛❧❛❦❛1 ❝-✐❧❧❛❣♣♦♣✉❧/❝✐8✲-③✐♥1B③✐- ♠♦❞❡❧❧❡❦❤❡③✳ ▼❛❣/1 ❛③
❛❧❣♦<✐1♠✉-1 B♥ ✐♠♣❧❡♠❡♥1/❧1❛♠ ❛ ❈✰✰ ♣<♦❣<❛♠♥②❡❧✈❡♥✳
✷✳ ❇❡✈❡③❡11❡♠ ❡❣② -③1♦❝❤❛-③1✐❦✉- ♠♦❞❡❧❧1✱ ❛♠✐ ❛③ ✶✳ 1B③✐-♣♦♥1❜❛♥ ❧❡✲
0<11❛❧ ❛③♦♥♦- ❢✉♥❦❝✐81 1,❧1 ❜❡✱ ✈❛❣②✐- ❡♠✐--③✐8- ✈♦♥❛❧❛❦❛1 ❛❞ ❤♦③③/
❝-✐❧❧❛❣❦♦♥1✐♥✉✉♠♦❦❤♦③✱ ❞❡ ❡❣②-③❡<➯❜❜❡♥ ❢❡❧❤❛-③♥/❧❤❛18✱ ♥✐♥❝- -③J❦✲
-B❣ ❡❣② ❦✐1❡<❥❡❞1 1❛♥018❤❛❧♠❛③ ❦❡③❡❧B-B<❡ ✭❇❡❝❦ ❡1 ❛❧✳✱ ✷✵✶✻❛✮✳ ❆
♠♦❞❡❧❧❜❡♥ ❛ 1❛♥018❤❛❧♠❛③1 ✻✵ ❞❜ 1,❜❜❞✐♠❡♥③✐8- ♥♦<♠/❧✐- ❡❧♦-③❧/-W
❦❧❛-③1❡<<❡❧ 0<1❛♠ ❧❡✱ ❛③ ❘ ❦✲❦,③B♣ ❦❧❛-③1❡<❡③B- ❛❧❣♦<✐1♠✉-/♥❛❦ -❡❣01✲
-B❣B✈❡❧✳
✸✳ ❆③ ✶✳ 1B③✐-♣♦♥1❜❛♥ ❡♠❧01❡11❡❧ ♠❡❣❡❣②❡③➤✱ ❙❉❙❙ ❉❘✼✲❡- ❡♠✐--③✐8-
✈♦♥❛❧❛- ❣❛❧❛①✐-♠✐♥1/♥ ❛❧❦❛❧♠❛③1❛♠ ❡❣② ❢❡❧J❣②❡❧1 ❣B♣✐ 1❛♥✉❧/-✐ ❛❧✲
❣♦<✐1♠✉-1✱ ❡❣② 1❛<18✈❡❦1♦<✲❣B♣❡1 ✭-✉♣♣♦<1 ✈❡❝1♦< ♠❛❝❤✐♥❡✱ ❙❱▼✮✱
❤♦❣② ❛ ❣❛❧❛①✐-♦❦❛1 ❝-✐❧❧❛❣❦B♣③➤ B- ❆●◆ ♦-③1/❧②♦❦❜❛ -♦<♦❧❥❛♠ ❛ ❝-✐❧✲
❧❛❣❦♦♥1✐♥✉✉♠❛✐❦ B- ❡♠✐--③✐8- ✈♦♥❛❧❛✐❦ ❛❧❛♣❥/♥ ✭❇❡❝❦ ❡1 ❛❧✳✱ ✷✵✶✻❛✮✳
❊③③❡❧ ❛ ♠❡❣❦,③❡❧01B--❡❧ ❝-✉♣/♥ ✻✪ ❡❧1B<B--❡❧ ✈✐--③❛❦❛♣1✉❦ ❛③ ❡❣②✲
✻
 ③❡#➯❜❜✱ ❑❛✉❢♠❛♥♥✲❢.❧❡ ❡♠♣✐#✐❦✉  ③❡♣❛#3❝✐5 ✈♦♥❛❧❛8 ✭❑❛✉✛♠❛♥♥
❡8 ❛❧✳✱ ✷✵✵✸✮✱ ❛❧383♠❛ ③8✈❛ ❛ ❦♦#3❜❜✐ ❡#❡❞♠.♥②8✳ ❆③ ❙❱▼ ❘✲❜❡❧✐
✐♠♣❧❡♠❡♥83❝✐5❥38 ❤❛ ③♥3❧8❛♠ ❢❡❧✳
✹✳ ▲.8#❡❤♦③8❛♠ ❛③ ❙❉❙❙ ❉❘✶✷ ❤✐✈❛8❛❧♦ ❢♦8♦♠❡8#✐❦✉ ✈M#M ❡❧8♦❧5❞3 ✲
❦❛8❛❧5❣✉ 38 ✭❇❡❝❦ ❡8 ❛❧✳ ✷✵✶✻❜✮✳ ❆ ❉❘✶✷  ♣❡❦8#♦ ③❦5♣✐❛✐ ❦❛8❛❧5✲
❣✉ 38 ❦✐❜➤✈R8❡88❡♠ ♠3 ❢❡❧♠.#. ❡❦❜➤❧  ③3#♠❛③5✱ ❦❡#❡ ③8❛③♦♥♦ R8♦88
✈M#M ❡❧8♦❧5❞3 ✲❛❞❛8♦❦❦❛❧✱ ❦✐8❡#❥❡❞8 8❛♥R85❤❛❧♠❛③8 M  ③❡3❧❧R8✈❛✳ ❆ ♣❤♦✲
8♦✲③ ❜❡❝ ❧. #❡ ❡❣② ❡♠♣✐#✐❦✉ ♠❡❣❦M③❡❧R8. 8✱ ❛③ ▲▲❘✲8 ❛❧❦❛❧♠❛③8❛♠✳ ❆
✈M#M ❡❧8♦❧5❞3 ✲❜❡❝ ❧. 8 ❡❣② ❧❡❣❦✐ ❡❜❜ ❦❤R✲♥.❣②③❡8❡  ♣❡❦8#✉♠♠✐♥8❛✲
✐❧❧❡ ③8. ✐ ❧.♣. ❦M✈❡88❡✱ ❤♦❣② 8M❜❜ ✜③✐❦❛✐ ✐♥❢♦#♠3❝✐5❤♦③ ❥✉  ✉♥❦✳ ✷✵✽
♠✐❧❧✐5 ❣❛❧❛①✐ ❢♦8♦♠❡8#✐❦✉ ✈M#M ❡❧8♦❧5❞3 ✲❛❞❛838 8❛#8❛❧♠❛③③❛ ❛ ❦❛8❛✲
❧5❣✉ ✱ ♠❡❧②♥❡❦ ❧.8#❡❤♦③3 3❤♦③ ❛ ❦♦#3❜❜✐ ❈✰✰ ❦5❞✈❡#③✐58 ❥❡❧❡♥8➤ ❡♥
❦✐❜➤✈R8❡88❡♠ . ❥❛✈R8♦88❛♠✳
✺✳ ❆③ ❙❉❙❙ ❉❘✶✷ ❢♦8♦♠❡8#✐❦✉ ✈M#M ❡❧8♦❧5❞3 ✲❦❛8❛❧5❣✉ 3♥❛❦ ❦✐❡❣. ③R8.✲
 ❡❦.♥8 ❢♦8♦♠❡8#✐❦✉ ❤✐❜❛♦ ③83❧②♦❦❛8 ✈❡③❡88❡♠ ❜❡✱ . ❡❣② ✈M#M ❡❧8♦❧5✲
❞3 ✲❤✐❜❛8.#❦.♣❡8 8❡88❡♠ ❦M③③. ✭❇❡❝❦ ❡8 ❛❧✳✱ ✷✵✶✻❜✮✳ ❊③❡❦ ❛ ❜➤✈R8. ❡❦
 ❡❣R8❡♥❡❦ ❛ ❢❡❧❤❛ ③♥3❧5❦♥❛❦ ❛❜❜❛♥✱ ❤♦❣② ♠❡❣❜R③❤❛85 ♣❤♦8♦✲③ ♣♦♥8♦ ✲
 3❣✐ ❜❡❝ ❧. ❡❦❦❡❧ #❡♥❞❡❧❦❡③➤ ❣❛❧❛①✐ ♦❦❛8 ✈3❧❛  ③❛♥❛❦ ❦✐✱ . ❤♦❣② ❦✐✲
 ③➯#❥.❦ ❛③♦❦❛8 ❛③ ❛❞❛8♦❦❛8✱ ❛♠❡❧②❡❦ ❛ ♥❛❣② ❢♦8♦♠❡8#✐❦✉ ❤✐❜3❦ ✈❛❣②
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